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Several years ago, it was shown that strong coupling between an electronic transition in organic 
molecules and a resonant photonic structure can modify the electronic landscape of the 
molecules and affect their chemical behavior. Since then, this new concept has evolved into a 
new field known as polaritonic chemistry, which employs strong coupling as a new tool for 
controlling material properties and molecular chemistry. An important ingredient in the 
progress of this field was the recent demonstration of strong coupling of molecular vibrations to 
mid-infrared resonators, which enabled the modification of chemical processes occurring at the 
electronic ground-state of materials.  Here we demonstrate for the first time strong coupling 
with collective, intermolecular vibrations occurring in organic materials in the Terahertz 
frequency region. Using a tunable, open-cavity geometry, we measure the temporal evolution 
and observe coherent Rabi oscillations, corresponding to a splitting of 68 GHz and approaching 
the ultra-strong coupling regime. These results take strong light-matter coupling into a new 
class of materials, including polymers, proteins and other organic materials, in which collective, 
spatially extended degrees of freedom participate in the dynamics. 
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When light is compressed into a region comparable to its wavelength, its interaction with matter can 
overcome all the incoherent and dissipative processes, which profoundly changes its nature. In this 
regime, known as strong coupling, the wavefunctions of the photons and the material excitations are 
coherently mixed to form cavity polaritons, which are hybrid light-matter quantum states
1
. This 
fascinating phenomenon has been observed in many different types of material systems, such as cold 
atoms
2–4
, excitons in semiconductors
5,6
, electronic spins in nitrogen-vacancy centers
7
, phonons in 
inorganic crystals
8–12
 and many others. Among these, strong coupling with organic molecules
13,14
 has 
seen an ever-increasing interest in recent years, both in conventional Fabry-Perot microcavity systems 
as well as in plasmonic structures
15
. Interestingly, the creation of the polaritonic wavefunctions under 
strong coupling and the modification of the energetic landscape of the molecules can have a 
significant influence on the physical and chemical properties of the molecules
1,16,17
, affecting the rates 
and yields of chemical reactions
18–23
, their emission properties
24–26
, electronic and excitonic 
transport
27–31
 and more. This new field, known as polaritonic chemistry, is currently under intense 
study, both experimentally and theoretically. While traditionally organic strongly-coupled systems 
involved the coupling of an optical resonance to electronic transitions in molecules (Frenkel excitons), 
recently, vibrational strong coupling has been introduced as a new paradigm
32–37
. In such systems, a 
particular intramolecular, optically-active vibrational transition is coupled to a mid-infrared resonator, 
creating hybrid excitations termed "vibro-polaritons". As has been demonstrated over the past few 
years, the creation of such vibro-polaritons allows the manipulation of molecular processes occurring 
at the electronic ground-state, by targeting a specific bond in the molecules
19,38,39
. 
Here we demonstrate, for the first time, strong coupling of collective vibrations in ensembles of 
organic α-lactose molecules, occurring at THz frequencies (10
11
-10
13
 Hz). Unlike the previously 
studied vibrational strong coupling, here the cavity mode is coupled to inter-molecular vibrations in 
molecular crystallites, i.e. oscillatory motion of the hydrogen-bonded molecules with respect to one 
another. Interestingly, we observe the Rabi-splitting typical of strong coupling and coherent Rabi-
oscillations at room temperature, despite the fact that the energy of the collective vibrational transition 
(ℏ~2 meV), as well as the light-matter interaction strength are much lower than kBT (~25 meV). 
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Our results extend the applicability of polaritonic chemistry to other organic large-scale systems, such 
as biological macromolecules
40
, polymer chains
41
 and energetic materials with low lying collective 
vibrations
42
.  
Lactose, which is found in milk, is a disaccharide composed of galactose and glucose. In this 
study we use α-lactose monohydrate, which is one of the anomers formed upon the crystallization of 
lactose, with the chemical structure shown in Fig. 1a. The α-lactose powder used in this study (Sigma-
Aldrich) is comprised of small, polycrystalline particles, a few tens of microns in size, as shown in 
Fig. 1b. To measure its THz absorption spectrum, we prepared a ~1.3 mm-thick pellet of pristine α-
lactose using a pressing die (see Methods Section), and measured its absorption spectrum using 
terahertz time-domain spectroscopy (THz-TDS). The result is presented in Fig. 1c, showing a sharp 
absorption peak at 0.53 THz (17.7 cm
-1
) and a width of 21 GHz FWHM. This absorption line 
corresponds to a collective, intermolecular vibration in the molecular crystal, in which the molecules 
move with respect to each other as a rigid body
43–45
. An additional weaker absorption peak is observed 
within our usable THz bandwidth, at 1.2 THz. In order to demonstrate strong coupling of the 
collective vibrational mode at 0.53 THz, we utilized the open-cavity geometry
46
 depicted in Fig. 1d 
(see Method Section for further details). The cavity is composed of two Au mirrors prepared by 
sputtering ~6 nm Au layers on 1 mm-thick quartz substrates. The reflection amplitude of the mirrors 
was measured to be ~90% for the THz field (81% reflectivity). In the open cavity geometry, one of 
Fig. 1. (a) Chemical structure of α-lactose. (b) A microscope image of an α-lactose crystallite. (c) 
Measured THz absorption spectrum of crystalline α-lactose pellet. The inset shows the fit of the measured 
absorption peak (blue line) to a lorentzian line-shape (black dashed line). (d) A sketch of the open THz 
microcavity used in the experiments. 
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the mirrors is fixed, while the other is mounted on a computer-controlled translation stage, parallel to 
the fixed mirror, such that the cavity length d can be varied continuously. 
The measurements were performed using a home-built, time-domain terahertz spectrometer, 
shown in the schematic diagram in Fig. 2a. In a typical measurement, an ultrashort laser pulse (100fs 
pulse duration, 800nm central wavelength) from a Ti:Sapphire chirped pulse amplifier (Legend Duo, 
Coherent Inc.) is split to form a strong optical beam for THz generation and a weak readout pulse for 
time-resolved electro-optic sampling of the THz field
47,48
. A single-cycle THz pulse is generated via 
tilted pulse-front optical rectification in LiNbO3 (LN)
49
 and focused through the sample (S), which is 
placed at the focal plane of a 4-f setup composed of two off-axis parabolic reflectors. The THz field 
and the readout pulse are combined by a pellicle beam-splitter (PBS) and focused at the electro-optic 
detection crystal (Gallium Phosphate, GaP), following which the probe beam is analyzed for its 
differential polarization changes (by splitting the two polarizations with a Wollaston Prism [WP] and 
a pair of photodiodes [PD]). The signals are detected using a lock-in amplifier (Stanford Research 
Systems, SR830) and recorded by a desktop PC. The entire system is purged with dry air (relative 
Fig. 2. Time-domain THz spectrometer. (a) Schematic sketch of the optical setup. The inset shows a 
photograph of the open cavity, which is formed by a moveable mirror (CM1) and a fixed mirror (CM2). (b) 
The time-resolved single-cycle THz field used in this work and (c) its power spectrum, obtained by the 
Fourier transform of the data in Fig. 2b. 
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humidity < 4%) to eliminate THz absorption by the water vapor in the ambient lab atmosphere (water 
absorption lines of 0.56 THz, 0.75 THz and 0.98 THz are clearly observed in our THz spectrum and 
are completely removed when the system is purged with dry air). Also shown in Fig. 2 are the 
measured electric field of the generated THz pulse (Fig. 2b) and its calculated power spectrum (Fig. 
2c). As seen, the input field is indeed a single-cycle pulse, centered around 0.6 THz with a usable 
spectrum covering the 0.1-1.2 THz range. 
First, we characterized the response of the empty cavity, i.e., when the gap between the mirrors 
contains only dry air. Note that in such time-domain experiments, parasitic reflections within the 
THz-TDS spectrometer result in spurious signals which enter the measurements. These distortions are 
removed by deconvoluting the instrument response function from the raw signals
50,51
. The results of 
the THz-TDS (following deconvolution) are presented in Fig. 3a, showing the time-domain signal of 
the field exiting the cavity, for several different cavity length values (at normal incidence). As can be 
seen, when the single-cycle THz pulse passes through the cavity, it is stretched to an exponentially-
decaying oscillatory signal, as expected for a resonant cavity with a finite lifetime. The transmission 
spectrum of the cavity can then be calculated by taking the ratio between the power spectra of the 
(deconvoluted) transmitted signals shown in Fig. 3a and dividing them by the input pulse power 
spectrum, shown in Fig. 2c. These transmission spectra, calculated for the different cavity lengths, are 
Fig. 3. Time-domain THz spectroscopy of 
an empty cavity. (a) Time-resolved THz 
signal measured at the output of the empty 
cavity with different distances, d, between the 
mirrors, showing the exponentially-decaying 
oscillations of the field exiting the cavity. (b) 
Transmission power spectra of the cavity with 
increasing cavity lengths, showing the gradual 
progression of the empty-cavity resonant 
modes. The green line shows the transmission 
spectrum obtained by T-matrix calculations. 
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shown in Fig. 3b. As can be seen, the resonant Fabry-Pérot cavity modes are clearly visible, with their 
frequencies obeying the relation	 =



, where c is the speed of light, d is the cavity length (the 
distance between the mirrors) and m is the mode number (assigned in Fig. 3b). Specifically, for a 
cavity length of 640 µm, for which the second-order mode is close to the α-lactose absorption line, the 
resonant modes have a transmission peak of 0.5-1%, and a linewidth of 14 GHz, matching the 
calculated Finesse for mirrors with reflectivity of 81%. In addition, we performed T-matrix 
calculations for the 640 µm cavity to simulate the spectral response of the cavity (solid green line in 
Fig. 3b), which agree with the experimental measurement. 
Next, we examined the response of the cavity with the α-lactose pellet placed between the 
mirrors. We prepared an α-lactose pellet of 250 µm in thickness, attached it to the fixed mirror and 
adjusted the total cavity length to ~350 µm. Under such conditions, the effective optical length of the 
cavity (given by  =  +  with  being the pellet thickness, =1.8 the background 
refractive index of α-lactose
52
 and ~100 µm is the thickness of the air-gap) is ~550 µm, such that 
the second-order cavity mode is resonant with the collective vibrational mode of the α-lactose at 0.53 
THz. The time-resolved THz field exiting the cavity is presented in Fig. 4a. We observe a similar 
exponentially-decaying oscillation, as for the empty cavities, but here the signal is modulated by a 
periodic envelope. This periodic modulation corresponds to Rabi-oscillations in the cavity, signifying 
the strong coupling between the collective vibrations of the α-lactose crystallites and the cavity. The 
transmission spectrum of the α-lactose cavity, obtained using the Fourier transform of the signal in 
Fig. 4a, is shown in Fig. 4b (blue solid line). Furthermore, by fitting the results to T-matrix 
calculations (using the experimentally-measured refractive index of α-lactose
52
), shown by the green 
solid line, we obtain a thickness of =250 µm for the α-lactose pellet and =97 µm for the air 
gap thickness. As can be seen in both the experimental measurement and the simulations, the hybrid 
cavity/α-lactose system exhibits a clear splitting in the spectral response around the collective 
vibration frequency and the formation of two THz vibro-polariton states, at 0.50 and 0.56 THz, 
indicating once again that the hybrid system is indeed within the strong coupling regime. In addition 
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to the polaritonic modes, the first (m=1) and third (m=3) order cavity modes at 0.25 and 0.83 THz are 
also located within the bandwidth of the input pulse. Therefore, the single-cycle pulse excites a 
coherent superposition of the polaritonic modes as well as the non-coupled cavity modes, which gives 
rise to the seemingly-irregular dynamics seen in the time domain (Fig. 4a). To illustrate this, we 
numerically filter the time-domain signal by a band-pass filter, leaving only frequencies within the 
range of 0.38-0.68 THz. The filtered time-domain signal is presented in Fig. 4c. As seen, the Rabi-
oscillations of the coupled system are clearly observed, demonstrating the reversible and coherent 
light-matter interaction taking place in the system. Interestingly, Rabi oscillations occurring under 
strong coupling of molecular excitons and plasmonic structures were previously observed by probing 
Fig. 4. Strong coupling of collective THz vibrations in α-lactose. (a) Measured time-domain output 
signal from the cavity with the α-lactose pellet, with its length chosen such that the 2
nd
 cavity resonance 
( = 2) is at 0.53THz. (b) Transmission spectrum of the cavity with α-lactose with a total cavity length 
of 350 µm, obtained from the experimentally-measured time domain signal in Fig. 4a (blue line) and by 
T-matrix calculations (green line). The strong coupling between the collective vibrations and the cavity 
results in a spectral splitting that indicates the formation of hybrid vibro-polariton states. (c) Spectrally-
filtered output signal from the cavity, showing the Rabi-oscillations of the coupled system in the time-
domain. (d) Selected cavity transmission spectra in the vicinity of the α-lactose absorption peak (0.53 
THz), measured with different air gap thicknesses  and α-lactose pellet thickness of =250 µm
(blue lines), compared to T-matrix calculations (green lines). 
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the excited state population, using ultrafast pump-probe spectroscopy
53
. However, here we are able to 
observe the Rabi-oscillations in the emitted field directly, including its oscillating phase. 
Next, we varied the position of the moveable mirror, repeated the measurement and calculated the 
spectral response as shown in Fig. 4b, for several different cavity lengths. In Fig. 4d we plot the 
resulting transmission spectra (blue lines), as well as the simulated T-matrix results (green lines). In 
our simulations, we fix all the parameters except for the thickness of the air-gap between the pellet 
surface and the moveable mirror, which is extracted by fitting the simulated transmission to the 
experimental data. Using these simulations, we can extract the second-order cavity resonance for each 
value of the cavity thickness, by removing the contribution of the vibrational resonance to the 
refractive index of the α-lactose, only taking into account its background index of refraction. Finally, 
we use these results to plot the dispersion of the hybrid molecular/cavity system, i.e. the measured 
vibro-polariton frequencies as a function of the cavity resonance frequency. As seen in Fig. 5, the 
dispersion shows the formation of the characteristic polariton branches around the absorption 
frequency of the α-lactose collective vibration. We fit these measurements to the dispersion resulting 
from the coupled-oscillator model, given by 
 ± =


±  

!"Ω$ 2%⁄ ' + "
 − ' − "Δ
 − Δ' (1) 
where Ω* is the (angular) Rabi frequency,  = 0.53 THz is the collective vibration frequency, 
 is 
the cavity frequency (of the second-order mode), and Δ=21 GHz and Δ
=14 GHz are their 
Fig. 5. THz vibro-polariton branches of strongly-
coupled α-lactose. The circles correspond to the 
measured polariton peaks, which were obtained by 
scanning the cavity resonance across the α-lactose 
absorption (marked by the horizontal red line). The 
dashed black line marks the empty cavity resonance 
while the solid black curves show the result of the 
coupled oscillator model (Eq. 1) fitted to the measured 
data.  
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linewidths. By fitting Equation (1) to the measured data, we obtain a Rabi frequency value of 
Ω$ 2%⁄ = 68 GHz. This value is higher than the decay rates of both the cavity and the uncoupled 
vibration, confirming that our system is indeed within the coherent, strong coupling regime. 
Moreover, this value is about 13% of the bare vibration frequency, placing this system close to the 
ultrastrong coupling regime. 
Discussion 
We have demonstrated the strong-coupling of the collective vibration of α-lactose crystallites and a 
Fabry-Pérot cavity in the low-THz frequency region (0.53THz), and observed a Rabi-splitting of 
~13% of the fundamental frequency. Moreover, we have observed the coherent vacuum Rabi-
oscillations taking place in the coupled system, by taking advantage of ability to perform time-domain 
and phase-sensitive measurements of the THz field. Interestingly, since the measurements are 
performed at room temperature, the energy of the collective vibration, which is ℎ = 2.2 meV is 
lower than 234. This means that, at steady state, the thermal occupation of the first excited state of the 
collective vibrational mode is about 48%, placing this system in a very different regime from all 
previous strongly-coupled organic systems, in which the thermal occupation of the excited state is 
negligible. Moreover, the Rabi-splitting energy ℎΩ* = 0.28 meV is even lower than that, but still, our 
time-resolved measurements clearly demonstrate coherent Rabi oscillations and coherent light-matter 
interaction. Finally, in the context of polaritonic chemistry, the ability to affect such low-frequency 
vibrational modes that extend over several unit cells of the crystal may be used to judiciously control 
chemical and biological processes that depend on extended degrees of freedom. Affecting the 
reactivity of energetic materials by modifying their collective intermolecular vibrations (that are also 
coupled to intramolecular degrees of freedom
54
) or affecting solvent network dynamics that are 
correlated with protein folding and its kinetics
55
 are merely two examples in which material processes 
can be strongly-coupled to THz cavity modes, in a similar manner to the collective vibrations of α-
lactose. 
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The relatively easy fabrication of the open-mirror-cavity demonstrated here, together with the 
direct measurement of the amplitude and phase of the electric field in time-domain THz spectroscopy, 
provide an extended test-bed for studying the very basic underlying physics of the strong-coupling 
phenomenon. Furthermore, the relatively large (tens to hundreds of µm) length-scale of the THz 
cavity makes it accessible to additional stimulations, such as optical excitations, that may alter the 
molecular structure, as well as to structural patterning of the sample to manipulate the light-matter 
interaction within cavity.  
Methods 
Open microcavity configuration. The variable-length open cavity used in this work (see Fig. 2) is 
composed of a moveable mirror (CM1) and a fixed mirror (CM2). Both mirrors were produced by 
sputtering a thin layer (6 nm) of gold on a quartz substrate (1 mm thickness), resulting in a 
transmission amplitude of 90% across the whole usable bandwidth with no apparent spectral 
dependence. CM1 is mounted on a computer-controlled single-axis stage, with micrometer resolution 
(<2μm repeatability). By moving CM1 with respect to CM2 we control the length of the cavity and 
corresponding resonance frequency. CM1 and CM2 are set parallel to each other by coinciding the 
multiple reflections of a green diode laser from the mirrors at the far field. The α-lactose sample 
(white, round pellet) was prepared by placing 0.1 g of α-Lactose powder in a pressing die (20mm 
diameter) at a pressure of 220 kN for 15minutes, which yielded a ~250μm pellet. The pellet was then 
glued onto CM2 at a few points around its circumference. 
Transfer matrix calculations. The simulated transmission spectra of the cavity were calculated using 
the T-matrix formalism
56
. In these simulations, we used the experimentally-measured refractive index 
of gold
57
 to model the cavity mirrors and adjusted the thickness of the mirrors to match the measured 
reflectivity of 81%. We note that the fitted thickness of the mirrors was found to be 1.5 nm, which is 
lower than the actual thickness of 6 nm. This is most probably due to the fact that at such low 
thicknesses the sputtered metal film is not continuous, but rather composed of small Au islands. The 
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dielectric function of the α-lactose pellet within our usable THz range can be accurately described by 
a Lorentz-Drude model with contributions from three different vibrational transitions
52
 
 8"' = 89 + ∑
;,
=

=>=>?
 (2) 
where 89=3.2 is the background dielectric constant,  =0.53,	 1.195	 and	 1.37	 THz	 are	 the	
vibrational	frequencies,	W=21,	44	and	58	GHz	are	the	linewidths,	and	,=0.123, 0.072 and 0.253 
are corresponding plasma frequencies. 
Acknowledgments 
This work was supported by the Wolfson Foundation Grant No. PR/ec/20419. S.F acknowledges the 
support of the Israel Science Foundation (ISF), Grants No. 1065/14, No. 926/18, Grant No. 2797/11 
(INREP—Israel National Research Center for Electrochemical Propulsion) and the Wolfson 
Foundation Grant No. PR/eh/21797. T.S acknowledges the support of the ISF Grant No. 1241/13. 
K.A. acknowledges the financial support from the Ministry of Science and Technology, Israel. 
 
References 
1. Ebbesen, T. W. Hybrid Light–Matter States in a Molecular and Material Science Perspective. 
Acc. Chem. Res. 49, 2403–2412 (2016). 
2. Kaluzny, Y., Goy, P., Gross, M., Raimond, J. & Haroche, S. Observation of self-induced Rabi 
oscillations in two-level atoms excited inside a resonant cavity: the ringing regime of 
superradiance. Phys. Rev. Lett. 51, 1175–1178 (1983). 
3. Raizen, M. G., Thompson, R. J., Brecha, R. J., Kimble, H. J. & Carmichael, H. J. Normal-
mode splitting and linewidth averaging for two-state atoms in an optical cavity. Phys. Rev. 
Lett. 63, 240–243 (1989). 
4. Thompson, R. J., Rempe, G. & Kimble, H. J. Observation of normal-mode splitting for an 
atom in an optical cavity. Phys. Rev. Lett. 68, 1132–1135 (1992). 
12 
 
5. Weisbuch, C., Nishioka, M., Ishikawa, A. & Arakawa, Y. Observation of the coupled exciton-
photon mode splitting in a semiconductor quantum microcavity. Phys. Rev. Lett. 69, 3314–
3317 (1992). 
6. Khitrova, G., Gibbs, H. M., Kira, M., Koch, S. W., Scherer, A. & Marburg, D.-. Vacuum Rabi 
splitting in semiconductors. Nat. Phys. 2, 81–90 (2006). 
7. Kubo, Y., Ong, F., Bertet, P., Vion, D., Jacques, V., Zheng, D., Dréau,  a., Roch, J.-F., 
Auffeves,  a., Jelezko, F., Wrachtrup, J., Barthe, M., Bergonzo, P. & Esteve, D. Strong 
Coupling of a Spin Ensemble to a Superconducting Resonator. Phys. Rev. Lett. 105, 1–4 
(2010). 
8. Shelton, D. J., Brener, I., Ginn, J. C., Sinclair, M. B., Peters, D. W., Coffey, K. R. & Boreman, 
G. D. Strong Coupling between Nanoscale Metamaterials and Phonons. Nano Lett. 11, 2104–
2108 (2011). 
9. Luxmoore, I. J., Gan, C. H., Liu, P. Q., Valmorra, F., Li, P., Faist, J. & Nash, G. R. Strong 
Coupling in the Far-Infrared between Graphene Plasmons and the Surface Optical Phonons of 
Silicon Dioxide. ACS Photonics 1, 1151–1155 (2014). 
10. Jin, X., Cerea, A., Messina, G. C., Rovere, A., Piccoli, R., De Donato, F., Palazon, F., 
Perucchi, A., Di Pietro, P., Morandotti, R., Lupi, S., De Angelis, F., Prato, M., Toma, A. & 
Razzari, L. Reshaping the phonon energy landscape of nanocrystals inside a terahertz 
plasmonic nanocavity. Nat. Commun. 9, 763 (2018). 
11. Sivarajah, P., Steinbacher, A., Dastrup, B. & Nelson, K. THz-frequency cavity magnon-
phonon-polaritons in the strong coupling regime. Preprint at http://arxiv.org/abs/1707.03503 
(2017). 
12. Sivarajah, P., Lu, J., Xiang, M., Ren, W., Kamba, S., Cao, S. & Nelson, K. A. Terahertz-
frequency magnon-phonon-polaritons in the strong coupling regime. Preprint at 
http://arxiv.org/abs/1611.01814 (2018). 
13. Pockrand, I., Brillante, A., Mobius, D. & Introduction, I. Exciton-surface plasmon coupling: 
An experimental investigation. 77, 6289–6295 (1982). 
13 
 
14. Lidzey, D. G., Bradley, D. D. C., Skolnick, M. S., Virgili, T., Walker, S. & Whittaker, D. M. 
Strong exciton-photon coupling in an organic semiconductor microcavity. Nature 395, 53–55 
(1998). 
15. Törmä, P. & Barnes, W. L. Strong coupling between surface plasmon polaritons and emitters: 
a review. Reports Prog. Phys. 78, 013901 (2015). 
16. Flick, J., Ruggenthaler, M., Appel, H. & Rubio, A. Atoms and molecules in cavities, from 
weak to strong coupling in quantum-electrodynamics (QED) chemistry. Proc. Natl. Acad. Sci. 
114, 3026–3034 (2017). 
17. Feist, J., Galego, J. & Garcia-Vidal, F. J. Polaritonic Chemistry with Organic Molecules. ACS 
Photonics 5, 205–216 (2018). 
18. Hutchison, J. A., Schwartz, T., Genet, C., Devaux, E. & Ebbesen, T. W. Modifying Chemical 
Landscapes by Coupling to Vacuum Fields. Angew. Chemie Int. Ed. 51, 1592–1596 (2012). 
19. Thomas, A., George, J., Shalabney, A., Dryzhakov, M., Varma, S. J., Moran, J., Chervy, T., 
Zhong, X., Devaux, E., Genet, C., Hutchison, J. A. & Ebbesen, T. W. Ground-State Chemical 
Reactivity under Vibrational Coupling to the Vacuum Electromagnetic Field. Angew. Chemie - 
Int. Ed. 55, 11462–11466 (2016). 
20. Galego, J., Garcia-Vidal, F. J. & Feist, J. Suppressing photochemical reactions with quantized 
light fields. Nat. Commun. 7, 13841 (2016). 
21. Herrera, F. & Spano, F. C. Cavity-Controlled Chemistry in Molecular Ensembles. Phys. Rev. 
Lett. 116, 238301 (2016). 
22. Groenhof, G. & Toppari, J. J. Coherent Light Harvesting through Strong Coupling to Confined 
Light. J. Phys. Chem. Lett. 9, 4848–4851 (2018). 
23. Munkhbat, B., Wersäll, M., Baranov, D. G., Antosiewicz, T. J. & Shegai, T. Suppression of 
photo-oxidation of organic chromophores by strong coupling to plasmonic nanoantennas. Sci. 
Adv. 4, eaas9552 (2018). 
24. Stranius, K., Hertzog, M. & Börjesson, K. Selective manipulation of electronically excited 
states through strong light–matter interactions. Nat. Commun. 9, 2273 (2018). 
14 
 
25. Wang, S., Chervy, T., George, J., Hutchison, J. A., Genet, C. & Ebbesen, T. W. Quantum 
Yield of Polariton Emission from Hybrid Light-Matter States. J. Phys. Chem. Lett. 5, 1433–
1439 (2014). 
26. Ballarini, D., De Giorgi, M., Gambino, S., Lerario, G., Mazzeo, M., Genco, A., Accorsi, G., 
Giansante, C., Colella, S., D’Agostino, S., Cazzato, P., Sanvitto, D. & Gigli, G. Polariton-
Induced Enhanced Emission from an Organic Dye under the Strong Coupling Regime. Adv. 
Opt. Mater. 2, 1076–1081 (2014). 
27. Orgiu, E., George, J., Hutchison, J. A., Devaux, E., Dayen, J. F., Doudin, B., Stellacci, F., 
Genet, C., Schachenmayer, J., Genes, C., Pupillo, G., Samorì, P. & Ebbesen, T. W. 
Conductivity in organic semiconductors hybridized with the vacuum field. Nat. Mater. 14, 
1123–1129 (2015). 
28. Feist, J. & Garcia-Vidal, F. J. Extraordinary Exciton Conductance Induced by Strong 
Coupling. Phys. Rev. Lett. 114, 196402 (2015). 
29. Schachenmayer, J., Genes, C., Tignone, E. & Pupillo, G. Cavity-Enhanced Transport of 
Excitons. Phys. Rev. Lett. 114, 196403 (2015). 
30. Hagenmüller, D., Schachenmayer, J., Schütz, S., Genes, C. & Pupillo, G. Cavity-Enhanced 
Transport of Charge. Phys. Rev. Lett. 119, 223601 (2017). 
31. Rozenman, G. G., Akulov, K., Golombek, A. & Schwartz, T. Long-Range Transport of 
Organic Exciton-Polaritons Revealed by Ultrafast Microscopy. ACS Photonics 5, 105–110 
(2018). 
32. Shalabney, A., George, J., Hutchison, J., Pupillo, G., Genet, C. & Ebbesen, T. W. Coherent 
coupling of molecular resonators with a microcavity mode. Nat. Commun. 6, 5981 (2015). 
33. Long, J. P. & Simpkins, B. S. Coherent Coupling between a Molecular Vibration and Fabry–
Perot Optical Cavity to Give Hybridized States in the Strong Coupling Limit. ACS Photonics 
2, 130–136 (2015). 
34. George, J., Shalabney, A., Hutchison, J. A., Genet, C. & Ebbesen, T. W. Liquid-Phase 
Vibrational Strong Coupling. J. Phys. Chem. Lett. 6, 1027–1031 (2015). 
15 
 
35. Muallem, M., Palatnik, A., Nessim, G. D. & Tischler, Y. R. Strong Light-Matter Coupling and 
Hybridization of Molecular Vibrations in a Low-Loss Infrared Microcavity. J. Phys. Chem. 
Lett. 7, 2002–2008 (2016). 
36. George, J., Chervy, T., Shalabney, A., Devaux, E., Hiura, H., Genet, C. & Ebbesen, T. W. 
Multiple Rabi Splittings under Ultrastrong Vibrational Coupling. Phys. Rev. Lett. 117, 153601 
(2016). 
37. Vergauwe, R. M. A., George, J., Chervy, T., Hutchison, J. A., Shalabney, A., Torbeev, V. Y. 
& Ebbesen, T. W. Quantum Strong Coupling with Protein Vibrational Modes. J. Phys. Chem. 
Lett. 7, 4159–4164 (2016). 
38. Hiura, H., Shalabney, A., George, J., Hiura, H., Shalabney, A. & George, J. Cavity Catalysis ‒ 
Accelerating Reactions under Vibrational Strong Coupling. Preprint at 
https://doi.org/10.26434/chemrxiv.7234721.v3 (2018). 
39. Thomas, A., Lethuillier-Karl, L., Nagarajan, K., A Vergauwe, R. M., George, J., Chervy, T., 
Shalabney, A., Devaux, E., Genet, C., Moran, J. & Ebbesen, T. W. Tilting a Ground State 
Reactivity Landscape by Vibrational Strong Coupling. Preprint at 
https://doi.org/10.26434/chemrxiv.7160789.v1 (2018). 
40. Plusquellic, D. F., Siegrist, K., Heilweil, E. J. & Esenturk, O. Applications of Terahertz 
Spectroscopy in Biosystems. ChemPhysChem 8, 2412–2431 (2007). 
41. Wietzke, S., Jansen, C., Reuter, M., Jung, T., Kraft, D., Chatterjee, S., Fischer, B. M. & Koch, 
M. Terahertz spectroscopy on polymers: A review of morphological studies. J. Mol. Struct. 
1006, 41–51 (2011). 
42. Davies, A. G., Burnett, A. D., Fan, W., Linfield, E. H. & Cunningham, J. E. Terahertz 
spectroscopy of explosives and drugs. Mater. Today 11, 18–26 (2008). 
43. Brown, E. R., Bjarnason, J. E., Fedor, A. M. & Korter, T. M. On the strong and narrow 
absorption signature in lactose at 0.53THz. Appl. Phys. Lett. 90, 061908 (2007). 
44. Allis, D. G., Fedor, A. M., Korter, T. M., Bjarnason, J. E. & Brown, E. R. Assignment of the 
lowest-lying THz absorption signatures in biotin and lactose monohydrate by solid-state 
16 
 
density functional theory. Chem. Phys. Lett. 440, 203–209 (2007). 
45. Jin, B. B., Chen, Z. X., Li, Z., Ma, J. L., Fu, R., Zhang, C. H., Chen, J. & Wu, P. H. Mode 
assignment of terahertz spectrum of α-lactose monohydrate. in 2009 34th International 
Conference on Infrared, Millimeter, and Terahertz Waves 1–2 (IEEE, 2009). 
doi:10.1109/ICIMW.2009.5324682 
46. Kapon, O., Yitzhari, R., Palatnik, A. & Tischler, Y. R. Vibrational Strong Light–Matter 
Coupling Using a Wavelength-Tunable Mid-infrared Open Microcavity. J. Phys. Chem. C 121, 
18845–18853 (2017). 
47. Wu, Q. & Zhang, X. C. Free-space electro-optic sampling of terahertz beams. Appl. Phys. Lett. 
67, 3523 (1995). 
48. Nahata, A., Weling, A. S. & Heinz, T. F. A wideband coherent terahertz spectroscopy system 
using optical rectification and electro-optic sampling. Appl. Phys. Lett. 69, 2321–2323 (1996). 
49. Yeh, K.-L., Hoffmann, M. C., Hebling, J. & Nelson, K. A. Generation of 10µJ ultrashort 
terahertz pulses by optical rectification. Appl. Phys. Lett. 90, 171121 (2007). 
50. Damari, R., Kallush, S. & Fleischer, S. Rotational Control of Asymmetric Molecules: Dipole- 
versus Polarizability-Driven Rotational Dynamics. Phys. Rev. Lett. 117, 103001 (2016). 
51. Damari, R., Rosenberg, D. & Fleischer, S. Coherent Radiative Decay of Molecular Rotations: 
A Comparative Study of Terahertz-Oriented versus Optically Aligned Molecular Ensembles. 
Phys. Rev. Lett. 119, 033002 (2017). 
52. Roggenbuck, A., Schmitz, H., Deninger, A., Mayorga, I. C., Hemberger, J., Güsten, R. & 
Grüninger, M. Coherent broadband continuous-wave terahertz spectroscopy on solid-state 
samples. New J. Phys. 12, 043017 (2010). 
53. Vasa, P., Wang, W., Pomraenke, R., Lammers, M., Maiuri, M., Manzoni, C., Cerullo, G. & 
Lienau, C. Real-time observation of ultrafast Rabi oscillations between excitons and plasmons 
in metal nanostructures with J-aggregates. Nat. Photonics 7, 128–132 (2013). 
54. Azuri, I., Hirsch, A., Reilly, A. M., Tkatchenko, A., Kendler, S., Hod, O. & Kronik, L. 
Terahertz spectroscopy of 2,4,6-trinitrotoluene molecular solids from first principles. Beilstein 
17 
 
J. Org. Chem. 14, 381–388 (2018). 
55. Grossman, M., Born, B., Heyden, M., Tworowski, D., Fields, G. B., Sagi, I. & Havenith, M. 
Correlated structural kinetics and retarded solvent dynamics at the metalloprotease active site. 
Nat. Struct. Mol. Biol. 18, 1102–1108 (2011). 
56. Yeh, P. Optical waves in layered media. (Wiley, 2005). 
57. Yasuda, H. & Hosako, I. Measurement of Terahertz Refractive Index of Metal with Terahertz 
Time-Domain Spectroscopy. Jpn. J. Appl. Phys. 47, 1632–1634 (2008). 
 
